The pathogenesis of Pseudomonas aeruginosa disseminated infections depends on bacterial interaction with blood vessels. We have hypothesized that in order to traverse the endothelial barrier, bacteria would have to adhere to and damage endothelial cells. To test this hypothesis, we studied the adherence to human endothelial cells in primary culture of the piliated P. aeruginosa strain PAK and of two isogenic nonpiliated strains: PAK/p-, which carries a mutation in the pilin structural gene, and PAK-Nl, a mutant defective in the regulatory rpoN gene. PAK adhered significantly more than did the pilus-lacking strains. P. aeruginosa was also taken up by endothelial cells, as determined by quantitative bacteriologic assays and by transmission electron microscopy. This internalization of P. aeruginosa seems to be a selective process, since the piliated strain was taken up significantly more than the nonpiliated bacteria and the avirulent Escherichia coli DH5a, even following bacterial centrifugation onto the cell monolayers. A significant fraction of the internalized P. aeruginosa PAK was recovered in a viable form after 6 h of residence within endothelial cells. Progressive endothelial cell damage resulted from PAK intracellular harboring, as indicated by the release of lactate dehydrogenase. An increasing concentration of PAK cells was recovered from the extracellular medium with time, suggesting that ingested bacteria were released from endothelial cells and multiplied freely. We speculate that in vivo the ability of some P. aeruginosa strains to resist intracellular residence would afford protection from host defenses and antibiotics and that the release of viable bacteria into bloodstream may represent a central feature of the pathogenesis of bacteremia in compromised patients.
Pseudomonas aeruginosa remains one of the most important causal agents of bacteremia among the gram-negative microorganisms (1) . Attention has largely been focused on bacteremia in selected groups of patients, especially those with neoplastic or hematologic diseases. However, P. aeruginosa bacteremia has also been associated with burns, endocarditis, pneumonia, urological problems, and newborn infants (1, 9) . It may also occur, albeit infrequently, in the absence of predisposing disease or immunocompromised status and outside the nosocomial environment (10, 24) . P. aeruginosa may invade and destroy blood vessels without the aid of inflammatory cells (9, 47) , leading to necrosis of infected tissues. Scattered infectious necrotizing vasculitis involving many organs is a common consequence of the bacterial hematogenic dissemination in neutropenic patients. The broad range of proteolytic enzymes produced by P. aeruginosa is thought to favor the spread of the organism throughout the body (31) . However, no relationship between the production of proteases and the course of infection in neutropenic rabbits has been established. Following inoculation with different clinical P. aeruginosa isolates, the protease-negative strains were just as invasive as the protease producers and some elastase-negative strains were associated with a high incidence of vasculitis (47) . Therefore, the mechanism by which bacteria gain access to the intravascular space and escape from it remains unclear.
Adherence of bacteria to host cells is usually quite specific and is regarded as a prerequisite for tissue invasion. This specificity is important because the availability of suitable receptors will often determine which body site will be infected. P. aeruginosa chronically colonizes the airways of cystic fibrosis patients. However, apart from the respiratory infections in these patients, P. aeruginosa does not present the tissue specificity shown by other human pathogens but rather infects tissues of different origins previously damaged in some way. Like many other microorganisms, P. aeruginosa has several products that may function as adhesins (33) . The pilus was one of the first P. aeruginosa gene products to be associated with pathogenicity, because of its ability to allow bacterial adherence to human epithelial cells (36, 45) . Recently, P. aeruginosa pili were shown to allow also bacterial entry into A549 pneumocyte cells (3) . Although the expression of pili mediates bacterial attachment to and colonization of epithelial surfaces, paradoxically it can also be detrimental to the pathogen since direct attachment to receptors on a phagocytic cell can facilitate killing of the microorganisms (20, 41) . Bacteria have therefore evolved regulatory mechanisms that limit the expression of pili. For example, the transcription of the P. aeruginosa pilin gene requires a functional alternative sigma subunit of RNA polymerase (rpoN) (17) . In addition, regulatory rpoN also appears to control the expression of the nonpilus adhesin(s) responsible for P. aeruginosa adherence to both cells and mucin (3, 35) .
In the attempt to understand the process involved in the establishment of intravascular P. aeruginosa infections, we studied the early interaction of a piliated and two pilus-lacking isogenic P. aeruginosa strains with endothelial cells, a cellular barrier which bacteria must presumably come in contact with and traverse to initiate disseminated infections. Selectivity of P. aeruginosa uptake. To ascertain whether there was some specificity in P. aeruginosa internalization by endothelial cells, we evaluated the uptake of a nonadherent rpoN mutant of strain PAK (3, 35) and of an avirulent, noninvasive E. coli DH5a strain (12) . Since adherence to host cells is a necessary initial step for bacterial internalization, the handicap of nonadherent microorganisms was circumvented by bacterial centrifugation (1,000 x g for 10 min) onto the endothelial cell monolayers. After 1 h at 37°C, cells were rinsed and treated with gentamicin-containing medium to kill extracellular microorganisms, as described above.
Effect of cytochalasin D on endothelial cell uptake of P.
aeruginosa. Since many bacteria enter eucaryotic cells via a microfilament-dependent mechanism, we examined the effects of cytochalasin D, in concentrations ranging from 0.01 to 0.1 ,ug/ml, on the process of P. aeruginosa internalization by endothelial cells. Higher cytochalasin D concentrations resulted in cell detachment from the monolayers (data not shown). To assess the effect of cytochalasin D on actin filaments, endothelial cells cultured on glass coverslips and treated for 1 h with different concentrations of the drug were fixed for 10 min in 5% formaldehyde in PBS, rinsed, permeabilized with 0.01% Triton X-100 in PBS for 4 min, rinsed, and treated for 30 min with a 5-,ug/ml solution of fluorescein isothiocyanate-phalloidin (Sigma), to specifically stain filamentous actin (42, 46) . Thereafter, coverslips were rinsed, mounted in glycerol-PBS, and observed under a fluorescence microscope. Cytochalasin D stock solution (at 1 mg/ml) was prepared in dimethyl sulfoxide at 10% (42) . Therefore, control cells were exposed to dimethyl sulfoxide at 10 ,ug/ml, fixed, and treated as described above.
Fate of intracellular P. aeruginosa. To determine whether P. aeruginosa could survive intracellularly, we modified the uptake assay described above. After incubation with gentamicincontaining medium for 1 h, cells from at least three culture wells were lysed with trypsin-Tween 20 solution and plated on TSA. In parallel, cells from the other wells were incubated with antibiotic-containing medium for additional 1-, 2-, 3-, and 5-h periods and then subjected to the lysing treatment and to quantitative bacteriology. The efficiency of gentamicin in killing extracellular bacteria was systematically analyzed by plating the postinfection media in TSA.
In other experiments, following the incubation of the infected cells with gentamicin, monolayers were incubated in medium without antibiotics. Aliquots of the antibiotic-free medium from each culture well were diluted and plated on TSA at different intervals to determine whether intracellular P. aeruginosa would regain the extracellular medium following prolonged incubation (because of either endothelial cell lysis or active release).
Assay for intracellular killing ofP. aeruginosa. The killing of intracellular P. aeruginosa by endothelial cells was investigated by a modification of the test described by Smith and Rommel (40) , which distinguishes between viable and dead microorganisms by their green and red-yellow fluorescence, respectively (2, 6, 13, 23, 26, 30, 34, 40) . Briefly, suspensions of P. aeruginosa PAK containing 108 CFU/ml were added to endothelial cells grown on glass coverslips. After 1 h at 37°C, cells were rinsed, incubated with medium containing gentamicin for different periods, rinsed, and exposed to 0.01% acridine orange (Sigma) in HBSS for 1 min. Coverslips were mounted in glycerol-PBS and observed under a fluorescence microscope. The sensitivity of vital acridine orange staining has previously been tested (25) : P. aeruginosa suspensions were subjected to different treatments (2) and then to concurrent acridine orange staining and plating in TSA to assess bacterial viability.
Assay for endothelial cell damage. To evaluate whether the presence of intracellular bacteria would damage endothelial cells, monolayers were incubated with P. aeruginosa PAK at 107 CFU/ml for 1 h, rinsed, and exposed to gentamicin at 300 ,ug/ml for different periods. The supernatants of the culture wells were recovered, and their lactate dehydrogenase (LDH) activity was determined by a colorimetric assay (Roche). Control wells were also treated with gentamicin but not exposed to bacteria. LDH significantly higher than that with PAK/p-(72.3% + 0.3%) or with PAK-Nl P. aeruginosa (3.3% ± 1.7%). There was also a difference between piliated and nonpiliated P. aeruginosa regarding the number of adherent bacteria per endothelial cell: while 56.0% ± 6.6% of the cells exposed to the PAK/p-strain presented from one to three microorganisms, 78.9% ± 10.3% of the cells incubated with the PAK strain had more than four attached bacteria (Fig. 1) intracellular microorganisms and demonstrated the kinetics of P. aeruginosa PAK internalization by endothelial cells. As shown in Fig. 3 , the number of intracellular bacteria increased linearly with time during the course of the experiment. Figure 4 shows the effect of bacterial density on uptake by endothelial cells. Up to an input of approximately 3 x 10' bacteria, the internalization was linear, whereas a decreasing fraction of bacteria was internalized when higher concentrations were added to cell monolayers. These data suggest an approaching saturation of the host cell sites available for bacterial adherence and ulterior internalization.
TEM. TEM was performed on monolayers from a 1-h uptake assay. As shown in in close association with surface extensions of endothelial cells. Intracellular P. aeruginosa was seen in membrane-bound vesicles ( Fig. 5D and E) ; however, the microorganisms appeared to be mostly free in the cell cytoplasm ( Fig. 5B and C) . Occasionally, multiple bacteria were observed in the same vesicle (Fig. SC) Fig. 6A , the number of viable intracellular PAK strain cells increased from 1 to 2 h postinfection but decreased later, although not significantly (P > 0.05). In parallel to this decline, we detected a significant (P < 0.05) increase in the number of extracellular P. aeruginosa cells. To evaluate whether the slight decrease in the CFU of intracellular bacteria could have resulted from endothelial cell killing of P. aeruginosa, cells at different stages of infection were exposed to acridine orange. As shown in Fig. 6B , endothelial cells could kill intracellular P. aeruginosa, although not efficiently. The percentage of green fluorescent viable intracellular bacteria decreased significantly with the incubation period but still remained elevated after a 6-h incubation period.
Damage of infected endothelial cells. As shown in Table 3 , the LDH release by endothelial cells increased with the infection period, suggesting that cell injury had occurred as a consequence of P. aeruginosa infection. DISCUSSION P. aeruginosa is perhaps unique among gram-negative bacilli in its predilection for certain subpopulations of patients: those with burns, malignancies, immunosuppression, and traumatic wounds. Secondary bacteremia is a common event in these patients, but the means by which bacteria proceed from skin or mucous membranes to the circulation and from the circulation to tissue parenchyma remains unknown. In this study, we looked for an in vitro parallel of P. aeruginosa dissemination.
Candida albicans, another opportunistic microorganism causing systemic disease in compromised hosts, penetrates the endothelial barrier by disrupting cell surfaces soon after attachment, possibly via a process dependent on tissue enzymatic degradation (21) . Since P. aeruginosa produces metalloproteases with broad substrate specificities that potentially can induce substantial tissue damage (31), we hypothesized that P. aeruginosa could make its way through host bodies by attaching to endothelial cells and injuring them by secreting toxic products.
Pilus is the major adhesin by which P. aeruginosa adheres to host tissues (16, 20, 36) . In this study, we evaluated the role of pili in P. aeruginosa interaction with human endothelial cells in primary culture. The piliated PAK strain adhered significantly more to endothelial cells than the isogenic pilus-lacking PAK/p-strain; however, the nonpiliated bacteria also adhered substantially. Therefore, many of the other adhesins produced by P. aeruginosa may participate in bacteriumendothelial cell interactions, as reported for other human tissues (32, 38, 39) . TEM observation of endothelial cells exposed to P. aeruginosa showed the presence of bacteria closely associated with cell membranes. More significantly from the standpoint of the physiopathology of infection, the microorganisms were also found inside endothelial cells. The acridine orange-crystal violet quenching technique, largely used to differentiate microorganisms attached to from those (22) and in studies of Shigella flexneri entry into HeLa cells (4) . However, the entry advantage presented by P. aeruginosa PAK did not seem to be dependent only on its higher adhesiveness. We compared the uptake of piliated PAK with that of two nonpiliated isogenic bacteria, in experimental conditions in which the adherence advantage conferred by pili was circumvented by centrifugation of the microorganisms onto the cell monolayers. Under these conditions, the internalization of P. aeruginosa PAK was still significantly higher. This observation led us to speculate that the genes coding for pilin synthesis might concurrently code for the synthesis of still unknown virulence factors that might confer entry facilities to piliated bacteria.
The heterogeneity in the internalization of different P. aeruginosa strains studied and the very low uptake of the avirulent E. coli DH5a suggest that bacterial entry into endothelial cells is a selective phenomenon in which microbial factors may be also concerned.
A few parasites actively invade eucaryotic cells by making (37) and of a wide variety of organisms has been previously described (5, 11, 12, 14, 29, 43, 44) . However, limited data concerning post-bacterial uptake events are available. In the present study, the issue of P. aeruginosa-endothelial cell interaction was addressed with different emphases: experiments were carried out to investigate whether P. aeruginosa multiplies within endothelial cells, whether endothelial cells are capable of killing P. aeruginosa, and whether the harboring of intracellular bacteria results in endothelial cell damage.
Bacterial killing by endothelial cells was assessed by using the acridine orange vital stain (2, 6, 13, 30, 34, 40) . This was appropriate since an excellent correlation has been reported between green fluorescent staining by acridine orange and bacterial viability and between red staining and bacterial death (2) .
Quantitative bacteriological assays on lysates of infected endothelial cells showed a slight increase in the number of intracellular P. aeruginosa bacteria during the first hour of infection followed by a progressive although similarly slight decline. After 6 h of infection, there was a decrease of approximately 14% in the viable counts of intracellular bacteria. This decline was much less extensive than that observed following P. aeruginosa uptake by professional phagocytes. After 2 h of phagocytosis, between 68.3 and 86.5% of the ingested nonmucoid P. aeruginosa bacteria were killed by human polymorphonuclear leukocytes (41) . Our 
